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Abstract— StarLight is a NASA\JPL sponsored mission
that will be the first spaceborn stellar interferometer. The
objective of the mission is to develop and test technolo-
gies for performing interferometric observations in space
and for the extremely precise formation flying required to
make the instrument work. The Formation Interferometer
Testbed (FIT) is a ground based prototype of the two space-
craft StarLight instrument.

In this paper a complete model of the FIT pointing sys-
tem is characterized that includes backlash in the sidero-
stat (SD), hysteresis in the PZT actuators of the fast steer-
ing mirrors (FSM), time delays, and air path disturbances.
Based on this model, a dual stage pointing controller is de-
signed that achieves a bandwidth sufficient to satisfy the
pointing requirement. Simulated and experimental results
are given that validate the performance of the pointing sys-
tem.
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1. INTRODUCTION

The Formation Interferometer Testbed (FIT) is a ground
based prototype of the instrument aboard the two space-
craft StarLight mission. StarLight is a New Millennium
technology mission designed to demonstrate space based
optical interferometry and the precision formation flying
required for instrument operations. As depicted in Figure
1 light from a single source is collected from two sepa-
rated spacecraft and combined at a central location to form
interference patterns referred to as fringes. Detection of
fringes allows for precise astrometric measurements. Key
to this process of fringe detection is angular alignment of
the wavefronts at each of the separated apertures. The
wavefront tilt in each aperture is sensed on the combiner
spacecraft by a CCD camera configured as an angle sen-
sor. Three siderostats, two aboard the combiner spacecraft
and one aboard the collector spacecraft are used to null the
error signal from this sensor.
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Figure 1. The StarLight mission ... the first ever formation
flying stellar interferometer. Combiner spacecraft is shown
in the near field, collector spacecraft is shown in the far
field.

The FIT testbed is comprised of three main optical benches.
The pseudostar bench functions as both a metrology and
white light source. The collector bench is used to mimic
the collector spacecraft. To simulate relative motion be-
tween the two spacecraft in a zero g environment, the op-
tics on the collector bench can be moved in 6 DOF using
a Hexapod (PI M-850). The combiner bench, depicted in
Figure 2, collects light from both the pseudostar and col-
lector and exposes the combined light onto a CCD camera
(Collins EEV, 40X40 pixels, 24 microns per pixel). The fo-
cal plane of the camera is shown in Figure 2. Light from an
inner annulus of each compressed (4X) stellar beam is over-
lapped and used to detect the interference fringes. Light
from the outer annulus of the stellar beam is separated from
the fringe light and used as a proxy to sense motion of the
fringe spots. By stabilizing the motion of both pointing
spots, the wavefronts at the fringe spots are guaranteed to
be aligned.

The unique aspect of the FIT testbed relative to other in-
terferometry testbeds at JPL is the ability to mimic rela-
tive motion between the collector and combiner spacecraft.
To compensate for this motion, and other disturbances, the
FIT testbed is equipped with a sophisticated pointing sys-
tem comprised of one metrology pointing control system
and two stellar pointing control loops. Each stellar loop has
both coarse motion siderostats and fine motion fast steering
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Figure 2. Overhead schematic of the combiner optical

bench.

mirrors as active components. The metrology loop uses an
array of photodiodes recessed into a transfer mirror on the
collector bench to detect the position of a metrology laser
launched from the combiner bench. The position of this
beam is controlled using the siderostat on the left side of
the combiner. The metrology loop is described in detail in
a companion paper [1]. This paper focuses on the stellar
loops, and in particular, the stellar loop on the right side of
the instrument,

In section 2 a detailed model of the pointing system is de-
veloped. This model includes actuator dynamics and non-
linearities, disturbance sources, and delays. Section 3 de-
scribes the controller design for both the coarse and fine
actuators. Section 4 presents simulation and experimen-
tal results that confirm the proper operation of the point-
ing system. Conclusions and recommendations are given
in section 5.

2. POINTING SYSTEM CHARACTERIZATION

High performance control design relies on accurate mod-
elling of the system. Embedding knowledge of the system
in the controller is ultimately the only way to maximize sta-
bility margins and performance. In this section, a detailed
model of the stellar pointing system is developed for the
purposes of controller design and performance prediction.
The functional components of the right side pointing sys-
tem are the large aperture siderostat, 4X compressor, small
aperture fast steering mirror, parabolic mirror (Focal length
0.457 meters.), and CCD camera. The model accounts for
the effect of each of these elements on the stellar wavefront.

The pointing requirement for each side of the FIT interfer-
ometer is to stabilize the stellar wavefront, in tip and tilt, to
within 0.25 arc seconds RMS on the sky. In terms of pixel
accuracy, this corresponds to one tenth of a pixel in either
axis of the focal plane. Although the encoders on each axis
of the large aperture siderostats have a resolution of 12.5
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Figure 3. Experimental and modelled hysteresis behavior.
Response to an underdamped step voltage command.

milli-arc seconds, backlash in the drive mechanism of the
mirror gimbals reduces this accuracy to approximately 1.0
arc seconds [1]. As a result, the pointing accuracy of the
siderostat at the focal plane is on the order of 0.37 pixels,
not enough to meet the pointing specification. To improve
the pointing capability of the instrument, while retaining
the large field of regard provided by the siderostats, small
aperture fast steering mirrors were added to the optical path
of the stellar light. A description of each of these elements
follows.

Coarse Siderostat

The siderostats used in the FIT testbed are Aerotech
AOM130-6M gimbal mounts, The mount is actuated in az-
imuth and elevation with two BM75E brushless servo mo-
tors and two BAL 20-40-A linear servo amplifiers. The
amplifiers were configured to operate in velocity mode to
reduce the influence of friction. The mount is indirect drive
using a spur gear and ball screw type arrangement to ef-
fect motion of the mirror mount. 4000 line encoders, after
quadrature, are mounted at the motor shaft to sense the po-
sition of the mount. Using the encoders for feedback, a
40-50 Hz bandwidth position servo was designed and used
as an intermediate servo for the stellar loop.

The backlash in the drive of the siderostat was character-
ized using the encoder and angular metrology sensor con-
figured to directly measure the mirror orientation [1].

Fast Steering Mirror

The small aperture fast steering mirrors steer the starlight
after the 4X-compressor. Functionally, these mirrors work
in parallel with the coarse siderostat. Each FSM is ar-
ticulated with a piezo-electric kinematic mount (Thorlabs
KC1-PZ) consisting of three 8.0 micron stroke PZT stacks
(Part number AE0505D08) which provide £36.5 arc sec-
onds tip\tilt angular range. Each PZT is commanded using
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Figure 4. Model for hysteresis composed of parallel con-
nection of backlash elements. Each element has a unique
deadzone and output gain.

a 0-10 volt 16 bit D\ A channel. Drive electronics (Thor-
labs MDT693-EC) amplify this signal before it is applied
to the PZT stack. The PZT elements are arranged on three
corners of the square mount so that to move the mirror sur-
face in azimuth and elevation one would apply the follow-
ing voltages,

Vi 1 T T FSM
V- — _ ¢des.Az.
2 SF r r FSM
1/3 pPZT —_ des. El.
S
W)ias
+ %ias (1)
Vbias

where ¢T5M and ¢T3M, are the desired azimuth and el-
evation angles, SFpzr is the linear scale factor between
the applied voltage and PZT displacement, and r is the ra-
dius from the center of the mirror to the PZT stacks. Note
that this equation assumes that each of the PZT stacks have
been biased to their mid stroke position with a bias volt-
age, Vhias, of 5 volts. Equation (1) is designed to eliminate
piston motion of the mirror. The piston motion of the mir-
ror is undesirable since it introduces a disturbance into the
instrument’s path length control system.

If the PZT displacements were an exact linear relationship
with the applied voltage, using Equation (1) to calculate the
command voltages would accomplish zero piston motion.
Unfortunately, this is not the case, as the PZT stacks have a
significant amount of hysteresis. As a result, we can expect
the mirrors to have some parasitic piston motion which can
be calculated, a priori, from the PZT displacements. To
perform this calculation, we first define an inertial coordi-
nate system with its origin coincident to the center of the
mirror surface, the x-axis along the mirror surface paral-
lel to the optical bench, the y-axis along the mirror surface

perpendicular to the optical bench, and the z-axis normal
to the mirror surface pointing in the direction of reflected
light rays. In this coordinate system, we can define the fol-
lowing vectors which represent the effective PZT actuation
points on the mirror surface.
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where, s1, sg, and sg are the PZT elongations and 8,4, is
the maximum elongation. The mirror normal can be calcu-
lated from these vectors by,

(V3 - V2) X (V] — V2) (3)

PESM T M vg —va) X (Vi —va) Iz

Combining Equations (2) and (3) the amount of piston mo-
tion can be found using,

T
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where 2 = [0 0 1}, « in this equation is the path length
from the origin of the inertial frame to the mirror surface
along the z direction.

It is also useful to use Equation (1) to estimate the mirror
angles from measurements of the command voltages.

GESM T 1o V1 — Vhbias
[ A ] = (8"8)"'S" - SFpzr - | V2 — Viias
¢El' ‘/3 - %ias

®

Hysteresis and Dynamic Coupling— In this section, two
experiments are described that are used to identify the
input\ output behavior of the fast steering mirrors. We are
interested in both the static and dynamic behavior of the
mounts. PZT hysteresis dominates the low frequency re-
sponse of the mechanism. Characterizing this behavior al-
lows us to predict the amount of piston motion seen by
the path length control system and to determine how ac-
curately we can expect to point the mirrors with an open
loop scheme. Understanding the dynamic behavior of the
mounts will tell us if any resonances limit the bandwidth of
the closed loop control system.

The PZT hysteresis was characterized by measuring the lin-
ear displacement of the mirror surface using an HP interfer-
ometer. The interferometer provided 10 nanometer resolu-
tion over the 8.0 micron stroke of the PZT stack. A voltage
signal generated from the step response of an underdamped
second order system was applied to a single PZT stack, dur-
ing which measurements of the stack displacement were
made at 5 Hz. The results of this experiment are shown in
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Figure 5. Mirror elevation (tip) frequency response. Both
the excited axis and cross axis are shown.

Figure 3. Note the decreasing magnitude of the hysteresis
loops and levelling off of the input\ output behavior as the
swing of the voltage signal decreases.

For purposes of control system analysis and design, a
model was developed to predict the effect of hysteresis. In
contrast to other approaches [2], [3] the model developed
here attempts to characterize only the static nonlinear be-
havior of the PZT stack. The dynamic behavior of the PZT
element is not relevant in this instance because the sample
rates of the control loop are well below PZT resonances,
which are typically on the order of several kHz. Our model
uses a parallel connection of backlash elements (See Figure
4.) as basis functions for the hysteresis. Each backlash el-
ement has a unique deadband width and output gain which
can be calculated from experimental data. The first hystere-
sis element in the parallel connection is assumed to have
zero deadband width giving an exact linear input\output
relationship. The remaining elements are used to model
the nonlinear component of the hysteresis loop. To spec-
ify the output gains and deadband widths of each backlash
element it is sufficient to use the voltage and displacement
data from a full scale ramp input of the voltage command.
The input (voltage)\ output (displacement) curve can then
be evaluated at n+1 predetermined input voltages which
represent one half the deadband values of the backlash el-
ements. Empirically, we have found that populating the
portions of the hysteresis loop that have larger curvature
with a higher density of deadband limits improves the per-
formance of the model. Using this same set of points, the
slope of the hysteresis curve between the deadband limits
can be approximated with piecewise linear segments. De-
noting the vector of local slopes as s = [sg 81 ... Sn]T
with sg the low voltage slope and s,, the high voltage slope,
the relationship between these slopes and the output gains
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Figure 6. Mirror azimuth (tilt) frequency response. Both
the excited axis and cross axis are shown.

of our model is given by,

So 1 0 --- 0 ko
81 11 k)l

S . e (6)
on 1 1 |k

With the slopes calculated from the piecewise linear seg-
ments, Equation (6) is easily inverted to find the output
gains.

Overlayed on Figure 3 is the simulated output of the hys-
teresis model subject to the same input signal used on the
PZT stack. We have found that a model with 13 parallel el-
ements is sufficient to accurately reproduce the experimen-
tal results. The advantage of this particular model relative
to others is that it is extremely fast numerically and does
not require a small integration time step. This advantage is
important when dealing with systems that have much larger
time constants then the PZT dynamics, which is a common
situation. The hysteresis model and Equation (4) were also
successful at predicting the amount of piston motion seen
experimentally.

To determine the dynamic behavior of the fast steering mir-
ror, laser light from a He-Ne source was reflected from the
mirror surface, through a 26.7X compressor and 200 mm
lens onto a silicon based light sensitive position sensing
device (OnTrak PSM with OT-301 amplifier.) with a cali-
brated scale factor of 2.0e-4 m/volt. The combined sensi-
tivity of the optical arrangement was 2-26.7-200-(1/1000)
m/rad. Azimuth and elevation chirp signals with an ampli-
tude of +7.2 arc seconds were injected to the FSM and the
output angular motion was recorded with the PSM. Equa-
tion (1) was used to calculate the necessary command volt-
ages to the individual PZT stacks. Both the input PZT com-
mand voltages and output PSM signals were sampled at
12.8 kHz. The chirp signals swept from 0.1 Hz through 1.0
kHz.



The frequency response of the fast steering mirror mount
is shown in Figures 5 and 6 for the elevation and azimuth
cases respectively. Note that at low frequency some am-
plitude attenuation is visible which is due to hysteresis. At
high frequency, we see that the mount axes become highly
coupled and it is difficult to predict the behavior of the
mount. Note that these resonances do not appear below 100
Hz. With the bandwidth limitations imposed by the 50 Hz
frame rate these resonances should not present a stability
problem for the control loops.

Air Path Disturbance Modelling

The disturbance environment in the FIT testbed is quite dis-
tinct from what can be expected in flight. In the laboratory,
the effect of air path on the CCD measurements is the pri-
mary disturbance source, whereas vibrations, communica-
tion delays, and interspacecraft relative motion are likely to
dominate the flight environment.

To characterize the effect of air path on the centroid mea-
surements, full frame (40x40 pixels) camera data was
logged for 60.0 seconds at the control loop sampling rate
of 50 Hz. 7x7 pixel subwindows around both the right
side fringe and pointing spots were used to calculate cen-
troids. The centroids were calculated using a simple center
of gravity algorithm,

Z+3  g+3
> 2 (F(,J) — Feias) - J
_ j=z—3 i=F-3
Te.g. = 7+3  @+3 )
Z Z F(ZJ) — Fias
i=§—3j=%—3
y+3  &+43
R S(F(i>j)—Fbia3) 2
i=§—3 j=%—
gc.g. - yﬂ+; 43 s (7)

where Z and § are the center of the subwindow in pixel co-
ordinates, F(%, §) is the array of pixel values, and Fy;q; is
used to represent the sum of CCD bias and dark current.
Note, the centroid values as calculated are in global pixel
coordinates. For control, the pointing centroids were con-
verted to a local frame centered in the subwindow. The
power spectral densities of these signals, minus their mean
values, are shown in Figure 7. The shape of the curve in
this figure suggests that a second order model of the fol-
lowing form is sufficient to capture the spectral content of
the centroid data.

k
o b1s? + bos + b3
————
GSF(s)

Zorgegq.(s)

®
w*"(t) in this equation is unit variance, Gaussian white
noise. The parameters in this model were calculated based
on a curve fit to the frequency domain data. This resulted

w*(s)  w¥(t) € N(0,1)
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Figure 7. Power spectrum of camera centroid measure-
ments. The experimental data set consists of X and Y cen-
troid coordinates for both the fringe and pointing spots.

in the following transfer function.

0.45
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As shown in Figure 7 this model accurately fits the low
frequency component of the air path PSD. The higher
frequency component of the PSD was assumed to be at-
tributed to pixel noise and was modelled as a pure white
noise process, vP**¢, that is uncorrelated with the air path
process. This speculation was verified through simula-
tion of the centroiding Equations (7) with a Gaussian spot
shape (~ 3.0 pixel diameter) subject to the same amount
of pixel noise observed in the frame data (o0 = 20 DN).
The simulation resulted in the same amount of centroid
noise, oypizer = 0.01 pixels, as was seen in the experi-
mental time series data. The transfer function in Equation
(9) was converted to state space form (Agr, Bsr, Cgr, 0)
and discretized at 50 Hz for implementation in the simula-
tion testbed. See [1] for details on the discretization proce-
dure.

Ideally, the pointing and fringe spots for each aperture of
the interferometer should be perfectly correlated with one
another. In flight this should be the case for the current
beam combiner design. In the laboratory, however, anal-
ysis of the frame data revealed significant discrepancies in
the correlation of the two spots which will affect fringe vis-
ibility. In some cases, we have observed relative motion be-
tween the pointing and fringe spots on the order of ¢ = 0.1
pixels. Since the pointing spot is being used as a sensor for
the fringe spot motion, any relative motion between the two
spots cannot be corrected with control and directly adds to
error in wavefront tilt. Given that it is possible for the rel-
ative motion to be on the order of one tenth of a pixel, the
entire error budget can be consumed by the uncontrollable
motion of the fringe spot.
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Figure 8. Open loop model of the two stage FIT pointing system. The model includes backlash in the coatse siderostat
and hysteresis in the vernier fast steering mirror. The correlated effect of air path on the camera measurements is modelled

with shaping filters. Camera pixel noise is modelled by additive white noise. The delay block in the model is used to

represent the time delay of 35 milliseconds in accessing measurements of the CCD frame.



The likely cause of the uncorrelated behavior between the
fringe and pointing spots is the unique air paths traversed
by the pointing and fringe starlight. Referring to Figure
2, two candidates come to mind that could explain the un-
correlated behavior of the spots. 1.) Before the parabolic
mirror, the outer annulus of the compressed starlight beam
is separated from the light used for the fringe spot and trav-
els a unique path of about 0.6 meters along the focal length
of the mirror. 2.) Another possibility is that the discrep-
ancy is caused prior to the light entering the combiner when
the aperture of the starlight is larger. Here, since the cross
section is large (~ 6.0 inche diameter), the scale of the air
path distortions might be small enough to distort the fringe
or pointing light separately.

The overall model of the coarse and fine pointing system is
summarized in Figure 8. Note the shaping filters and ad-
ditive noise at the outputs which represent the effect of the
air path disturbance and pixel noise, respectively, on the
centroid measurements. Also included in the model is a
delay of 35 milliseconds associated with clocking out the
frame and passing it across a VME bus to the testbed com-
puter. This is a significant amount of delay relative to the
sampling period of 20 milliseconds and will limit the band-
width of the closed loop system as will be shown in the next
section.

3. COARSE/VERNIER CONTROLLER DESIGN

Because the FIT pointing system has dual stage actuation,
one of the challenges is to coordinate the control of both
actuators in a manner that takes advantage of the unique
characteristics of each steering mirror. The siderostat is a
low bandwidth, large range of motion actuator. The FSM,
on the other hand, is a high bandwidth mechanism, but has
a limited range of motion (£36.5 arc seconds or 4-6.75 pix-
els at the camera.). The approach taken to coordinate the
motion of the two actuators is to correct DC offsets in the
error signal with the coarse siderostat and use the fast steer-
ing mirror to reject the high frequency, low amplitude, air
path disturbance. This will keep the fast steering mirror
near the center of its range of motion to preserve the max-
imum amount of articulation range, and simultaneously al-
low for adding the maximum amount of bias for alignment
purposes [4].

The desired behavior of the pointing system can be
achieved if an integrator is added to the coarse loop and
the vernier loop is constrained to have a constant gain at
low frequency (See Figure 9.). This will cause persistent
error signals to be integrated out by the siderostat, while
high frequency components of the error signal are attenu-
ated with the fast steering mirror.

Note in Figure 7 that most of the power of air path distur-
bance is below 2.0 Hz and that the relatively low sampling
rate of the camera, 50 Hz, restricts the amount of distur-
bance rejection we can expect to achieve. Nevertheless,
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Figure 9. Coarse and vernier loop shapes. Note the signif-
icant degradation in phase resulting from the frame delay
limiting the bandwidth to ~ 5.0H z..

control does offer the functionality to move the pointing
and fringe spots within the focal plane of the camera which
is critical for accurately overlapping the right and left fringe
spots. Moreover, stellar acquisition mandates coordination
between the coarse and fine steering mirrors.

LQG/LTR Vernier Design

Combining the dynamics of the disturbance process with
those of the FSM we arrive at the following state space
description of a single axis for the vernier loop,

Xsr| _ [Asr 0 | |xsF L [Bsr O wr
)'(P 0 Ap Xp 0 Bp We
A
0 B,

+ [BOP] bucs. (10)

——
BD

y=[Csr Cp] [);S:] +Pieet (11
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where the measurements, y, are of the centroid position in
units of meters. w, is used to represent the pointing un-
certainty of the FSM caused by hysteresis and ¢y, is the
control input to the FSM plant. Note, from Figure 8, that
the FSM plant is modelled by a static system with no mem-
ory, excluding the hysteresis memory, but that with the in-
clusion of (Ap,Bp, Cp), we have allowed for the possi-
bility of augmenting the FSM system with some desirable
dynamics which is allowed in the LQG\LTR design proce-
dure. In this particular case, we augment the FSM system
with the following dynamics to introduce the desired shape
to the vernier loop.

2
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The natural frequency, wy,, is set to establish the breakdown
frequency of the FSM loop. The notch filter is added with
(poteh > Cz',“’tc", to increase the gain near the crossover
for enhanced disturbance rejection in this region. The ma-
trices (Ap,Bp,Cp), in Equations (10)-(11) are derived
from the state space realization of Equation (12).

The fictitious Kalman filter was used to obtain the target
feedback loop (TFL). In this formulation the measurement
noise term is adjusted for loop shaping. The Kalman filter
is used to design the TFL because of its superior robustness
and disturbance rejection properties. As will be shown, the
Kalman filter shapes the open loop frequency response near
the crossover in such a way that disturbances are not am-
plified. In this application this property is particularly im-
portant because the air path disturbance is uncomfortably
close to the open loop crossover. The target feedback loop,

Grri(s) = C°(sI— A°)"'F (13)

is obtained from solving the Ricatti equation associated
with the infinite horizon Kalman filter:

F =Mc°Ty-1
A°M + MA°T - Mc°Tv-ic°M + B,,WBT =0,
M > 0. (14)

In this Equation W represents the covariance of the random
input terms in Equation (10),

Uzair 0
W = [ uz) o2 ] . (15)
we

Recall that geir = 1.0. 0y, is used to capture the uncer-
tainty in pointing the FSM associated with PZT hysteresis.
Although the pointing uncertainty is not a stochastic quan-
tity we can represent it as such for the purposes of loop
shaping. V in Equation (14) represents measurement un-
certainty and is used in this context to place the TFL cross
over frequency. Smaller V' corresponds to higher cross over
frequency. V was set to maximize the bandwidth of the
vernier loop subject to the constraint that the phase and gain
margins of the following loop transfer gain remain stable.

exp(~Tgas) (CP(s) + CF5M(s)) 16)

Note in Figure 9 that the loop phase lag increases dramat-
ically due to the effect of frame delay in the camera mea-
surements. This delay is the limiting factor in achieving the
widest possible bandwidth.

The loop transfer recovery (LTR) is achieved using a
“cheap” LQ formulation, such that the product of an LQG
based compensator,

Crgc(s) = K(sI — A° +FC° + B°’K)™'F, (17)

where,

K = R 'B°TP
A°TP + PA° — PB°TR-1B°P + C°TC° =0,
P>0. (18)

with the nominal plant,
G°(s) = C°(sI—- A°)"B°, (19)
will approach (recover) the TFL, Grrr(s),as R — 0 .

Following the design procedure outlined above, the loop
recovery was achieved by setting R = 0.5e — 9 and solv-
ing the second Riccati Equation (18). This resulted in the
following compensator for the vernier loop,

CF3M(s) = CLqa(s)G°(s) =

18.3(s + 25.0) (s + 4.5)

(s +0.5)(s% + 5.55 + 37.2)(s% + 5.98s + 39.5)

(s +0.44)(s2 + 5.95 + 39.1)(s° + 3.85 + 39.9)’
(20)

where the order has been reduced by two to account for the
elimination of two unnecessary high frequency poles that
result from the finite recovery of the LTR procedure.

Coarse Siderostat Design

The bandwidth of the coarse siderostat loop is limited by
backlash in the drive mechanism [1]. Empirically it was
determined that a bandwidth much beyond a tenth of a hertz
resulted in oscillations within the loop. The reason for this
can be explained in terms of a describing function analysis
[1]. The loop shape for the siderostat is shown in Figure 9.
Note the larger slope at low frequency relative to the vernier
loop and the lower bandwidth. Also shown in Figure 9
is the amount of disturbance attenuation achieved by the
combination of both the coarse and vernier loops. At 1.0
Hz., for example, the influence of the air path disturbance
on the error signal is attenuated by a factor of 10.

Note in Figure 10 that a prefilter has been added to the con-
trol system to reduce the possibility of saturating the FSM
when large amplitude commands are given. The prefilter is
second order with a 1.0 second time constant and critically
damped poles.

4. SIMULATION AND EXPERIMENTAL RESULTS

Figures 11 and 12 are included to explain the operation
and demonstrate the performance of the pointing system.
Figure 11 demonstrates motion of the fast steering mirror
and siderostat for a step change in the elevation beam an-
gle command. As the new command is issued at ¢ = 2.0
seconds, the FSM reacts first to cancel the error. As the
siderostat responds to integrate out the residual error not
corrected for by the FSM, the FSM signals return to having
zero bias. The high frequency seen in the FSM commands
represent the reaction of this loop to the air path distur-
bance. Note the siderostat commands do not react to the air
path disturbance because the gain of the siderostat loop is
small at these high frequencies. Note also that even though

1R represents the penalty on the control input in the formulation of the
performance index in LQ theory. Hence the terminology “cheap” control.

(s + 15.6)(s + 4.4)(s + 1.2)
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Figure 10. Block diagram of dual stage closed loop pointing system. The controller has a parallel architecture, with

nonlinear feedback about the vernier loop.
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Figure 11. Simulated steering mirror commands for a step
input change in the commanded beam angle.

the repositioning of the star spot is achieved in a few sec-
onds, the system takes several tens of seconds to settle. The
true mirror positions are also shown in Figure 11. In the
case of the siderostat, the true position is different from the
command because of backlash. For the FSM, the true posi-
tion is different because of hysteresis in the PZT stacks.

Figure 12 demonstrates real time star position data logged
using the FIT testbed. In this figure, the star position is
jogged by ~ £1.0 pixels. The steady state RMS point-
ing error is 1/35 of a pixel, more then three times better
then the pointing requirement based on fringe visibility.
Note the smooth transitions of the star position in this fig-
ure caused by prefiltering the step changes in commanded
beam angle.

Nonlinear Operation

During stellar acquisition it is anticipated that the spiral
search [1] will issue commands that will saturate the FSM.
To prevent undesirable effects of the saturation, nonlinear
feedback elements have been added to the vernier loop (See
Figure 10.). These deadzone elements provide additional
feedback once the commands to the actual mirrors have sat-
urated, making the fast steering mirror appear to the com-
pensator as a system without saturation. This feedback, of
course, does not prevent the saturation, but does prevent the
compensator from reacting to error signals large enough to
cause saturation. This improves the transient response of
the vernier stage as it comes out of saturation.

In acquisition mode, by definition, measurements of the
star position from the camera are not available. The impact
point of the star spot must be estimated in this mode using
measurements of the siderostat encoders and voltage com-
mands to the FSM. Even though there is a certain amount
of uncertainty in these measurements because of sidero-
stat backlash and PZT hysteresis, they should be accurate
enough for acquisition purposes.

Azimuth and Elevation Focal Plane Star Position
T T T T

Star Position (pixels)

50 |50 1;0 2(‘)0 2;0 3II)D 350
Time (sec.)

Figure 12. Experimental azimuth and elevation star posi-

tion as calculated using a center of mass algorithm.,

5. CONCLUSIONS/FUTURE WORK

In this paper the stellar pointing system for the FIT testbed
has been described. The performance of the pointing sys-
tem has been shown to exceed the requirements by a factor
of three. Delay in measuring the camera frame was de-
termined to be the fundamental limit in achieving higher
bandwidth. For the flight design, delays are likely to remain
the primary factor limiting the bandwidth. Even though
the frame rate is increased to 500 Hz. in the flight design,
the bandwidth requirement is also increased. We have also
seen that the effect of air path on the angular metrology is
significant and its effect must be planned for during inte-
gration and test of the flight system. To compensate for its
influence on the relative motion between the pointing and
fringe spots, evacuated pipes with windows may have to be
installed.

This paper has focused on the right side stellar loop. The
left side stellar loop is slightly more complex because of
coupling with the interspacecraft metrology loop. To elim-
inate this coupling, the metrology sensor measurements
and or the left combiner siderostat encoder measurements
should be used as a feedforward signal to the left stellar
loop. It is anticipated that a full discussion of the left side
loops will be published in a future paper.

The hysteresis model developed in this paper has poten-
tially wide applicability because of its simplicity and ease
of use. In addition to the field of interferometry, any appli-
cation using actuators and sensors with this type of nonlin-
earity could find utility in this type of model. Strain gauges,
pressure sensors, and magnetic sensors are just a few of the
possible areas that come to mind.

The design process of the dual stage system was decoupled
in that the coarse and fine stage loops were designed sep-
arately and later tested for overall stability. Other design
approaches such as FSLQ [5] could have been used that



unify the design process by treating both stages in a sin-
gle performance index. These alternate approaches offer
simplicity at the cost of less flexibility in the design. Cus-
tom designs, based on detailed models, offer the possibility
of optimizing performance. Furthermore, detailed models,
such as the one developed here, offer the ability to design
and predict performance of a control algorithm before it is
actually implemented in the laboratory.
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